The instantaneous vital sign rates, which are related to physiological dynamics, are important indicators of human health condition. This paper presents a noncontact way to measure the human instantaneous vital signs using digitalintermediate frequency (IF) Doppler radar. The synchrosqueezing transform-based algorithm has been proposed to get a concentrated time-frequency (TF) distribution, so that the highresolution instantaneous heartbeat and respiratory rates and the time-domain signals can be acquired. Moreover, the developed radar with customized radio frequency module employs the direct IF sampling technique to achieve high sensitivity to capture the tiny vital sign variations. Experiments with different human subjects and physiological conditions have been carried out. Compared with the landmark-based method and traditional TF algorithms, the results show that instantaneous vital signs can be acquired more accurately within 3 m at a −13 dBm transmit power by the proposed method. Therefore, the radar can be used for evaluating the physiological dynamics and assessing health condition.
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I. INTRODUCTION
B
IOMEDICAL signals, especially respiratory and heartbeat signals, imply a lot of physiological information. These kinds of signals, which have oscillatory features, have been proved to be valuable for diagnosis and prognosis of some diseases [1] . Among various features hidden in the biomedical signals, the instantaneous breath rate (BR) and heartbeat rate (HR), along with their variabilities, are related to the physiological dynamics [2] , [3] . These parameters can be indicators of human health condition.
The traditional method to acquire vital sign signals is using contact sensors, for example, electrocardiograph (ECG) Manuscript and breath belt [4] , [5] . Even though the results are moderately accurate, these sensors may cause discomfort and skin irritation to subject, which limit their applications to some special patients suffering from empyrosis and burn. Recently, the noncontact vital sign detection technology has attracted growing interests in various applications such as sleep monitoring, elderly care, earthquake rescue, border patrol, and entrance security [6] . Fundamentally, this technology utilizes the Doppler radar to emit an electromagnetic signal to human body. Then it captures the reflected signal and retrieves the involved physiological signals [7] . Most efforts in this field can be divided into two categories: system architecture design and signal processing algorithm development. Compared with the ultrawideband radar [8] , [9] , homodyne continuous-wave (CW) Doppler radar is widely used due to its simple structure. In [10] and [11] , a single-chip silicon Doppler radar and a Ka-band heartbeat sensor were proposed, which validated the feasibility and analyzed the potential problems. Afterward, based on these work, various techniques have been applied to improve the radar performance [12] - [15] . Recently, the CW radar was used for motionadaptive cancer radiotherapy [16] , which broadened the application of CW Doppler radar.
However, these homodyne radar sensors encounter some problems such as quadrature channel imbalance and dc offset [17] , which decrease the demodulation linearity. Fortunately, the digital radar receiver with direct intermediatefrequency (IF)-to-digital conversion (IF sampling) is a proper alternate [18] . The receiver first downconverts the radio frequency (RF) signal to an IF frequency, and then it samples the analog IF signal directly and accomplishes the subsequent signal processing in the digital domain. Owing to the reduction in the number of analog circuits, the accuracy and stability can be greatly improved. An instrument-based digital-IF Doppler radar was proposed in [19] . However, it is inaccurate due to the mismatch between different instruments.
Compared with the various system architectures, the baseband signal processing algorithm attracts little attention. Most of them are based on the discrete Fourier transform (DFT) [6] . Due to the smearing and leakage problems caused by limited data length, the DFT will suffer significant performance degradation in accuracy and resolution. Afterward, the RELAX algorithm was applied to improve the resolution [20] . But it did not tackle the time-varying vital sign rates. In [21] and [22] , the compressed sensing (CS) theory is applied to extract the vital sign frequencies, which reduces the time window into 5 s.
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But it still assumes the invariability of vital signs over a short duration. Consequently, it may be possible to blur the information if vital signs vary remarkably within the short duration.
In practice, the respiratory and heartbeat signals are nonstationary with time-varying rates [1] . In order to estimate the variations of vital sign rates, the landmark-based methods have been proposed to extract the beat-to-beat intervals [23] , [24] , and convert them into a frequency series. However, the radardetected heartbeat waveform does not present the sharp peaks as the ECG signal does. Also, the signal distortion, dc offset, and noise may deteriorate the waveform, which makes the landmarks hard to be accurately determined.
Therefore, it is considered that the time-frequency (TF) analysis is effective to provide the local frequency variations along time. The short-time Fourier transform (STFT) has been used for radar heartbeat monitoring [25] , but its resolution is strictly limited by the selected window function. The bootstrap-based generalized warblet transform was applied. But it needs an iteration procedure, which is time consuming [26] . Fortunately, the synchrosqueezing transform (SST) is a high-resolution TF algorithm [27] , [28] . It is suitable for processing nonstationary signals and has already been used in analyzing some nonstationary signals such as the ECG signal [29] and the seismic data [30] . This algorithm reallocates the coefficients from the wavelet transform to provide a concentrated TF distribution. Moreover, unlike the reassignment technique, it enables separation and reconstruction for the desired signal [31] .
In this paper, the noncontact physiological dynamics detection using digital-IF Doppler radar is presented. The digital-IF radar, built from a customized RF module and a field-programmable gate array (FPGA)-based IF module, takes advantages of high sensitivity and low power. By the SST-based signal processing algorithm, high-resolution instantaneous vital sign rates and the corresponding time-domain signals can be extracted. The experimental results show that the SST-based algorithm outperforms the landmark-based method and traditional TF analysis methods. The rest of this paper is organized as follows. The basic theory of the digital-IF radar for noncontact vital sign detection is introduced in Section II. Section III describes the self-designed digital-IF Doppler radar system, and Section IV elaborates the SST-based signal processing algorithm. Then several experiments are carried out in Section V. Finally, the conclusion is given in Section VI.
II. PRINCIPLE OF THE NONCONTACT INSTANTANEOUS VITAL SIGN DETECTION
The radar considered thereafter transmits a single-tone CW signal, which can be represented as
where f is the carrier frequency and φ(t) is the phase noise.
Assuming the distance between the chest wall of a human subject and the radar is d(t), the normalized received signal captured by the radar is
where c is the signal propagation speed. According to [10] , the distance d(t) consists of a nominal detection distance d 0 and the time-varying chest wall displacement x(t). It should be noted that the amplitude modulation to the received signal is ignored because the chest wall movement x(t) is much smaller than the nominal distance of d 0 . Substituting d(t) with d 0 + x(t), the normalized received signal can be written as
where λ = c/ f is the wavelength. Because x(t) d 0 , the change of the phase noise φ(t) is negligible, and the normalized received signal can be finally approximated as
It is known that the chest wall displacement x(t) consists of two periodic movements x h (t) and x r (t), which are induced by heartbeat and respiration, respectively. Thus, the chest wall displacement can be written as
where m h and m r are the amplitudes of heartbeat and respiration, respectively. f r (t) and f h (t) are the time-varying BR and HR, respectively. For a healthy human with normal breath, f h (t) usually takes value from 0.8 to 1.6 Hz, while f r (t) ranges from 0.2 to 0.4 Hz. In the digital-IF radar, the RF signal is first downconverted to IF, which is [19] 
where f IF is the IF frequency, φ(t) = φ(t) − φ(t − 2d 0 /c) is the residual phase noise, and θ = 4πd 0 /λ + θ 0 is the constant phase shift dependent on the nominal distance to the target d 0 .
Then the analog IF signal is sampled to the digital IF signal directly. Since the null/optimum point problem occurs in a single channel, the quadrature receiver has been adopted to mitigate this problem [10] . Therefore, the digitalized IF signal is downconverted to the digital quadrature baseband signals, which can be represented as [11] 
where n = 1, 2, 3, . . . , N is the sampling points.
As shown in (7) and (8), the instantaneous cardiopulmonary information is involved in the phase information. Thus, the baseband signal processing is conducted to extract the desired information.
III. DIGITAL-IF CW DOPPLER RADAR
Considering the high accuracy and sensitivity of the digital-IF architecture, we have designed a heterodyne CW Doppler radar with digital-IF receiver to sense tiny vital sign variations. The proposed radar includes an RF module, an IF module, and a baseband module. From the perspective of radar system design and integration, the RF module is custom designed and the IF module is fulfilled in an FPGA. The block diagram and the photograph are shown in Figs. 1 and 2 , respectively.
A. RF Module
The RF module can be divided into a transmitting chain and a receiver chain. In the transmitting chain, a pair of 2.4-GHz microchip patch antennas are designed and fixed together for transmitting and receiving. The total size is 161 mm × 161 mm. The gain is 12.8 dB, and the estimated beamwidth is 40°. To make the transmit power adjustable, the Agilent ESG-D series signal generator E4432B is used due to its high stability and low phase noise. The carrier frequency is set at 2.475 GHz.
The receiver is shown in Fig. 3 . The received signal is first amplified by an optimized low-noise amplifier, and then filtered by a ceramic filter (RF filter) to realize the image rejection. To ensure the coherence of the entire radar, a highperformance frequency synthesizer is designed with a commercial 2.4-GHz local oscillator (LO) and a commercial frequency divider. It provides three coherent signals, which are the 2.4-GHz LO for the mixer, the 10-MHz RF reference signal for the signal generator, and the 100-MHz reference clock for the FPGA and the analog-to-digital converter (ADC). After mixing, the RF signal is downconverted to the 75-MHz analog IF signal. Then it is sent to the IF module for sampling and digital downconversion.
B. IF Module
In the IF module, a specialized IF filter, whose schematic is shown in Fig. 4 , is used to eliminate the out-of-band noise. The 3-dB bandwidth is 71-79 MHz. Thus, the useful 75-MHz IF signal can pass without distortion. The filtered IF signal is digitalized by an ADC with the 100-MHz sampling frequency, which conforms to the bandpass sampling theorem strictly [32] . The digital downconversion is implemented in a Xilinx Virtex-6 (XC6VLX130T) FPGA. Compared with the dedicated components and circuits, the FPGA has great flexibility and stability [33] . The mixing procedures can be realized by the logical operation instead of multiplication. The photograph of the ADC and the FPGA is shown in Fig. 5 . The serializer/deserializer protocol is used to connect the ADC and the FPGA, which contributes to mitigate the interference between digital system and analog signal.
In the FPGA, a direct digital synthesizer is used to generate the sine and cosine functions. Then two multipliers, which serve as the downconverters, mix the IF signal with the two functions in the I/Q channels separately. The decimation filter is utilized in each channel to low-pass filter and downsample the I/Q signal to the baseband. Finally, they are transferred to the computer in real time through the universal serial bus 3.0 communication link for subsequent baseband signal processing.
C. Baseband Module
In the proposed radar, the baseband signal processing is implemented in MATLAB. First, the signal quality is improved by some preprocessing, and then the SST-based algorithm is utilized to calculate the instantaneous BR and HR and reconstruct the time-domain signals. The algorithms in detail are elaborated in the next section.
IV. INSTANTANEOUS VITAL SIGN
DETECTION ALGORITHM The flowchart of the baseband signal processing algorithm is shown in Fig. 6 . As mentioned before, the signal processing Baseband signal processing procedure including preprocessing and SST. algorithm includes signal preprocessing and instantaneous vital sign extraction algorithm. The preprocessing algorithm consists of dc offset calibration, arctangent demodulation, and residual phase removement.
A. Signal Preprocessing
For a quadrature receiver, the I/Q imbalance and the dc offset are two nonignorable problems that deteriorate the demodulation result [11] . However, the digital-IF architecture can eliminate the amplitude imbalance and mitigate the dc offset occurring in the analog homodyne architecture [17] . But, in practice, the dc offset still exists in the baseband signals, which may lead to serious demodulated distortion and decrease the output SNR.
Considering the dc offsets dc I /dc Q , the nonideal baseband I/Q signals become
To enhance the demodulation accuracy, the l p (0 < p < 1) minimization is used to calibrate the dc offsets [34] . Since most measurements can be regarded as sparse, we built a residual sequence d = [d 1 , d 2 , . . . , d N ] T between an estimated tuple (a, b, r ) and the baseband quadrature measurements
where a and b denote the dc offset in the I and Q channels, respectively. Then we can optimize the sequence d via the p minimization as
where
The nonconvex optimization problem can be solved to obtain x through the iterative reweighted 1 algorithm [35] . As a result, the dc offsets can be recovered from the vector x.
The second step is the demodulation and phase unwrapping. The quadrature signals B Q (n) and B I (n) are combined by the arctangent operation and phase unwrapping as
where F is a multiple of 180°. Since θ and φ(n) are nearly constant and useless for the instantaneous frequency extraction, in the third step, they are removed by subtracting the average value as
As shown in (5), a linear combination of x h (t) and x r (t) exists, which can be separated by SST on the TF plane if the frequency support of mother wavelet is proper [31] . Meanwhile, SST can present a concentrated distribution while the noise gets spread out across the TF plane [29] , so the instantaneous frequencies f h (t) and f r (t) can be extracted. Moreover, the time-domain vital sign signals can be reconstructed for further analysis such as heart rate variability and respiratory sinus arrhythmia [24] .
B. SST-Based Instantaneous Vital Sign Extraction
In this section, the SST-based algorithm is introduced to extract the instantaneous BR and HR and reconstruct their time-domain signals. The SST is a high-resolution TF algorithm. Since the energy of CWT is spread out over a region around the line of the instantaneous frequency on the time-scale plane, it will be unavoidably smeared by the wavelet function. The SST can reassign the energy distribution of CWT and yield a high-resolution TF representation. In particular, it allows reconstruction for the signals in selected TF region.
According to [27] and [31] , the SST algorithm can decompose the signal f (t) into a series of amplitude demodulatedfrequency demodulated (AM-FM) signals as
The algorithm in detail is described as follows [27] . 1) Calculate the CWT W f (a, b) of the signal f (t), which is defined by
where ν(t) is the mother wavelet and ν(t) denotes the complex conjugate. 2) For any W f (a, b) = 0 on the time-scale plane, calculate the candidate instantaneous frequency as
3) Due to the noise in the signal, define a hard threshold parameter γ > 0 and disregard any points where
where A =: {a; W f (a, b) ≥ γ }.
4) According to the frequency ranges of f r (t) and f h (t),
plot the TF distributions and obtain the instantaneous respiratory frequency if r (t) and heartbeat frequency if h (t) by extracting their peak energies in the corresponding ranges, which can be represented as
To eliminate the possible random fluctuation induced by noise and computational errors, the extracted curves are smoothed by a simple moving average. 5) Let l r and l h be the indices of a small frequency band around if r (t) and if h (t), respectively, the instantaneous time-domain respiratory and heartbeat signals can be reconstructed as where
whereν(ξ) is the Fourier transform of ν(t). R −1 ν denotes the reciprocal of R ν . According to [36] , two signals can be separated by SST if the mother wavelet satisfies ξ 0 ≤ (1 − /(1 + )) where the support in the frequency domain is [1 − , 1 + ] and ξ 0 is the ratio of the two frequencies. We know the frequency ratio of heartbeat and respiration is
Then we have < (7/(13) ) and the support of ν(t) should be smaller than ((6/(13)), (20/(13) )), so the Morlet wavelet is chosen in the experiments due to the proper frequency support.
V. EXPERIMENTAL RESULTS
To evaluate the proposed algorithm, all experiments have been carried out in a typical indoor laboratory environment. As shown in Fig. 7 , the radar was placed so that its signal beam points toward the subject's chest wall. A piezoelectric belt (HKH-11C) and a pulse sensor (HK-2000C) were used to measure the vital sign signals as reference simultaneously.
To extract the time-varying vital sign rates from the reference, the landmark-based method is utilized. First, each peak is manually searched in the time-domain vital sign signal. Then the discrete peak values are sorted into a time series t i (i = 1, 2, . . .) with t i+1 > t i . As a result, the vital sign rate between successive peaks can be given as
Finally, the time-varying vital sign rate is smoothed by a moving average filter. The successful detection rate (SDR), which was used in [19] , has been used to evaluate the detection accuracy. This parameter is the ratio when the bias between radar-detected and referenced results is less than the given limit in the discrete rate series. The limits we use are 1 beats/min (BPM) for respiration and 3 BPM for heartbeat [19] . The transmit power we use is −13 dBm. 
A. Instantaneous Vital Sign Measurements From Different Distances
The first experiment was carried out at three distances (1, 2, and 3 m) on a healthy male human subject (180 cm, 76 kg). During the experiments, the human subject was asked to sit on a chair and recline against the chair back while breathing normally. The acquisition time is 30 s. Fig. 8 shows the quadrature measurements detected at 1 m, along with the phase information. Due to the dominant amplitude of respiratory component, it is obvious that the demodulated phase information is periodic and its frequency is around 0.25 Hz (15 BPM). Fig. 9 (a) and (b) presents the instantaneous trajectories of BR and HR derived from the data in Fig. 8 , respectively. It is known that the instantaneous BR and HR locate around 15 and 72 BPM, respectively. Compared with the reference, the traces calculated from the proposed method show the high consistency and reliability. Moreover, the tiny fluctuations in the instantaneous HR demonstrate the high resolution of the proposed method.
For comparison, the landmark-based method is also utilized for the radar-detected signal. The SDRs calculated by the landmark-based and proposed methods in each distance are shown in Table I . As widely used in extracting the timevarying frequency, the peak values were determined as the landmarks and used for calculating in Table I [24] . A highpass filter was applied to separate the heartbeat and respiratory signals. In Table I , it is shown that the proposed algorithm is more accurate and reliable than the landmark-based method. When the detection distance is more than 2 m, the SDR of landmark-based method decreases remarkably, while the proposed method is still accurate. The reason is the proposed algorithm utilizes the complete oscillation period for frequency calculation, which is immune from local peak distortion in the signal. Fig. 10(a) illustrates the 15-s filtered heartbeat signal waveform from the 1-m measurement. The signal peaks have some obvious distortions or bias, but its oscillator periods still correlate well with the reference. For comparison, the reconstructed heartbeat waveform by the proposed algorithm is plotted in Fig. 10(b) . Since the reconstruction is based on the AM-FM model [28] , the reconstructed waveform also cannot provide sharp peaks. However, due to the TF selectivity in reconstruction, the reconstructed waveform is more similar to the pure sinusoid than the filtered signal, which equivalents to less distortion. Moreover, its peaks locate close to those in reference waveform, which can be useful for some timedomain analysis.
B. Instantaneous Vital Sign Measurements With Different Human Subjects
To further evaluate the algorithm, some experiments have been carried out on four more human subjects (three males and one female). Similar to the first experiment, the human subjects were also asked to sit on a chair while reclining against the chair back. Each subject was tested with normal breath at three distances (1, 2, and 3 m) in a 30-s period. The SDRs of the four subjects calculated by the proposed algorithm are listed in Table II , along with their characteristics. From Table II , we can see that the instantaneous BR is accurate for all subjects at any distances. Meanwhile, the SDRs of heartbeat are higher than 90% for all the subjects. It is known that when the detection distance increases, the received SNR decreases, and thus the SDR reduces as well.
The reason why the heartbeat detection is more inaccurate than respiratory signal is that the amplitude of chest wall movement induced by heartbeat is weaker than that induced by breath, which can be even less than 1 mm. Moreover, the physiological dynamics are very different among different people. Thus, even at a short detection distance, the received signals may be deteriorated so that the instantaneous rates are inaccurate for some subjects. But the results in Table II demonstrate that the proposed algorithm can provide the reliable estimation of the instantaneous BR and HR with 3 m.
C. Postexercise Instantaneous Vital Sign Measurements
The last experiment was carried out to obtain the postexercise instantaneous vital sign rate during a long time interval. Before the measurement, the volunteer was asked to do some physical exercise for about 5 min to increase his vital sign rate. When he stopped exercising, the volunteer was asked to sit on a chair while reclining against the chair back immediately to recover. Then 120-s data were recorded during his recovery. In this experiment, the TF distributions by the STFT, the wavelet transform, and SST have been calculated. In Fig. 11 , we can see two trajectories in three figures, which correspond to the instantaneous respiratory and heartbeat components. Note that the result from wavelet transform is a time-scale distribution, the y-axis is inversely proportional to the frequency [28] . The instantaneous HR shows a decreasing monoexponential fashion from 120 to 97 BPM [37] . However, the instantaneous BR decreases from 21 to 16 BPM. Comparing the three pictures, the SST can yield the most concentrated TF representation. Some tiny fluctuations in the heartbeat component can be observed only in the SST result. The instability of the instantaneous HR during recovery may be induced by the cardiovascular parasympathetic system [37] , [38] . Also, we can identify the second harmonics of the respiratory signal in Fig. 11(b) clearly, which can assist an accurate recovery of the time-domain respiratory signal because typical respiratory movement contains strong second-order harmonic. From this experiment, it is known that the high-resolution instantaneous vital sign rates can be acquired by the proposed algorithm. Furthermore, the radar has the capability of significantly variational instantaneous vital sign rate measurement and long-term monitoring.
VI. CONCLUSION In this paper, the noncontact physiological dynamics detection is presented. The SST-based signal processing method was proposed to extract high-resolution instantaneous vital sign rates, as well as to recover their time-domain signals. A custom-designed low-power digital-IF Doppler radar with self-designed RF and FPGA-based IF modules has been presented. Several experiments have been carried out with different volunteers, different distances, and different physiological conditions. The experimental results demonstrate that when radiating a −13 dBm transmit power, our radar can acquire the instantaneous vital signs within 3 m with an SDR of higher than 90%. Therefore, the proposed radar is especially suitable for clinical diagnosis and long-term monitoring.
